Plasmodium vivax is the most prevalent human malaria parasite in the Americas. Previous studies have contrasted the genetic diversity of parasite populations in the Americas with those in Asia and Oceania, concluding that New World populations exhibit low genetic diversity consistent with a recent introduction. Here we used an expanded sample of complete mitochondrial genome sequences to investigate the diversity of P. vivax in the Americas as well as in other continental populations. We show that the diversity of P. vivax in the Americas is comparable to that in Asia and Oceania, and we identify several divergent clades circulating in South America that may have resulted from independent introductions. In particular, we show that several haplotypes sampled in Venezuela and northeastern Brazil belong to a clade that diverged from the other P. vivax lineages at least 30,000 years ago, albeit not necessarily in the Americas. We propose that, unlike in Asia where human migration increases local genetic diversity, the combined effects of the geographical structure and the low incidence of vivax malaria in the Americas has resulted in patterns of low local but high regional genetic diversity. This could explain previous views that P. vivax in the Americas has low genetic diversity because these were based on studies carried out in limited areas. Further elucidation of the complex geographical pattern of P. vivax variation will be important both for diversity assessments of genes encoding candidate vaccine antigens and in the formulation of control and surveillance measures aimed at malaria elimination.
Introduction
Despite remarkable progress made on its control, malaria remains one of the most important infectious diseases (WHO 2011) . Nowadays, it is estimated that more than 2.6 billion people are at risk of infection and that they experience around 200 million episodes of malaria each year (WHO 2011; Cibulskis et al. 2011; Lynch et al. 2012; Murray et al. 2012) . Of the five parasites that cause human malaria, Plasmodium vivax is responsible for most morbidity outside Africa (WHO 2011) . This parasite has reemerged in many regions of the world where malaria was eliminated in the 1950-60s (Guerra et al. 2007 ). The so-called "benign tertian malaria" is by no means harmless; new evidence suggests that severe complications from P. vivax malaria may be more common than previously thought. Anemia, thrombocytopenia, and low neonatal birth weight at delivery are among those severe manifestations of disease (Kochar et al. 2005; Anstey et al. 2007; Alexandre et al. 2010; Douglas et al. 2012; Kute et al. 2012) . Given the limitations of available tools for its research and control, there are serious gaps in basic information about this parasite that may delay malaria elimination (Mueller et al. 2009 ). One such knowledge gap is our limited understanding of the demographic history and structure of extant P. vivax populations.
Characterizing the evolutionary history of P. vivax is important for identifying adaptive genetic variation (Joy et al. 2008; Carlton et al. 2013) , assessing the geographical distribution of variation in genes encoding candidate vaccine antigens, and designing population-based linkage studies that aim to identify genes associated with drug resistance and pathogenesis. In addition, such information is essential for implementing molecular surveillance approaches that aim to detect imported cases of malaria or to ascertain the efficacy of local malaria control measures (Cui et al. 2003; Arnott et al. 2012; Chan et al. 2012 ). Regardless of their clinical importance, the evolutionary history of the events leading to this parasite's contemporary broad geographical distribution remains unresolved.
There is a general agreement that P. vivax originated as a human parasite as a result of a host switch from a non-human primate, an event that likely took place somewhere in Asia (Escalante et al. 2005; Mu et al. 2005; Cornejo and Escalante 2006) . Consistent with such an early origin, previous studies identified a relatively high genetic diversity in the populations of this parasite in Asia and Oceania (Jongwutiwes et al. 2005; Mu et al. 2005; Cornejo and Escalante 2006) . In contrast, the origin and demographic history of P. vivax populations in the Americas have received limited attention (Li et al. 2001; Mu et al. 2005; Jongwutiwes et al. 2005; Cornejo and Escalante 2006; Grynberg et al. 2008; Joy et al. 2008; Culleton et al. 2011; Miao et al. 2012) .
In this investigation, we used a suite of population genetic and phylogenetic analyses to characterize an enlarged sample of P. vivax mitochondrial genomes from the Americas in relation to global parasite diversity. We found that P. vivax populations in South America harbor levels of genetic diversity that are comparable to those observed in Asia and Oceania. Indeed, we identified a new and relatively divergent clade of P. vivax mitochondrial genomes found mainly in northeastern South America, as well as several other divergent lineages that may stem from independent introductions. These observations are consistent with recent comparative genomics investigations indicating that commonly used P. vivax lines obtained from the Americas exhibit great divergence (Chan et al. 2012; Neafsey et al. 2012) .
Results
Global Mitochondrial Genome Diversity Table 1 and supplementary table S1 , Supplementary Material online, summarize the global, regional and national diversity of the 731 P. vivax mitochondrial genomes analyzed in this study. (A list of all the P. vivax sequences included in this study is provided in supplementary table S2, Supplementary Material online.) We identified 357 distinct haplotypes, including 216 haplotypes not found in earlier surveys of global mitochondrial diversity in this species, increasing the number of haplotypes found in South America from 9 to 105 Culleton et al. 2011; Miao et al. 2012) . As in previous studies, global haplotype diversity is very high in our sample (H = 0.985) and most (286) haplotypes were sampled just once (supplementary table S1, Supplementary Material online). Indeed, only 12 haplotypes have sample frequencies >1%, including the mitochondrial haplotype of the genome reference strain Salvador I (Sal1 frequency = 1.9%), while the most common haplotypes, CA1 and Sal2, have sample frequencies of 7.4% and 6.3%. As expected, haplotype diversity is lower within regions but exceeds 0.9 in every region except Madagascar, Africa, and Central America. Furthermore, although the nucleotide diversity of our global sample ( = 9.24 Â 10
À4
) is comparable to that found in previous studies, our estimate of nucleotide diversity within South America ( = 6.18 Â 10 À4 ) is more than three times larger than earlier estimates.
Phylogenetic Analyses and Haplotype Networks
The two consensus trees derived from the *BEAST skyline analyses ( fig. 1 ) and the *BEAST analyses (supplementary fig. S1a, Supplementary Material online) have the same overall structure: each tree contains a large star-like cluster of P. vivax lineages distributed throughout the range of the parasite as well a second divergent clade composed primarily of lineages from eastern and southeastern Asia. A similar topology is evident in the global haplotype network ( fig. 2) , although here the divergent East Asian P. vivax lineages are connected to the star-like component by a group of haplotypes found mainly in Southeast Asia.
The roots of both consensus trees ( fig. 1 and supplementary fig. S1a, Supplementary Material online) coincide with the most recent common ancestor of the star-shaped component and, in fact, 219 of the mitochondrial lineages branch directly from the root of each tree. Similarly, the two haplotypes with the highest outgroup probabilities in the median joining network (supplementary table S3 , Supplementary Material online) are Sal2 (P = 0.047) and CA1 (P = 0.039), which are both located at the center of the star-shaped component and are also the most common haplotypes in our sample. Although more phylogenetic structure is apparent in the maximum clade credibility (MCC) trees obtained from the *BEAST analyses (supplementary fig. S1b , Supplementary
Material online) and the skyline analyses (supplementary fig. S1c, Supplementary Material online), this is largely an artifact of the method used to construct these trees, as they are required to be strictly bifurcating. Indeed, inspection of the two trees reveals that many of the clades have low posterior FIG. 1. Majority rule consensus tree obtained from the four Bayesian skyline analyses of the global P. vivax sample. The posterior probabilities of selected clades are listed next to the corresponding branches and the clades described in table 2 are labeled. Branches are colored if they subtend sequences sampled in the same region using the following key: blue = East Asia; green = South Asia; purple = Southeast Asia; light blue = Melanesia; yellow = Madagascar; pink = Africa; brown = Middle East; orange = Central America; red = South America. Despite the overall lack of structure in the P. vivax trees, the skyline consensus tree contains several clades with estimated posterior probabilities (pp) exceeding 0.5. Those containing more than 15 sequences are described in table 2 and supplementary table S4 , Supplementary Material online. The divergent cluster of Asian lineages (pp = 0.91) is itself split into three subclades. Two of these contain sequences that are largely restricted to either China and Korea (Asia a; pp = 0.91) or Indonesia, Thailand, and Cambodia (Asia c; pp = 0.71), but the clade labeled Asia b (pp = 0.79) includes lineages distributed throughout eastern and southeastern Asia as well as three sequences from Papua New Guinea, one from India, and one from Namibia. Four large clades are contained within the star-like component of the tree, including groups of sequences primarily from Korea and southern China (EAs; pp = 0.75), from Thailand, Cambodia, and Vietnam (SEAs; pp = 0.65), from Papua New Guinea and Vanuatu (Mel; pp = 0.82), and from Brazil and Venezuela (SAm; pp = 1.00). However, each of these clades also contains a small number of sequences that were sampled in countries far removed from the eponymous region. For example, the East Asian clade contains a sequence sampled in Vanuatu, the Southeast Asian clade includes six sequences sampled in FIG. 2. Median joining network of global P. vivax mtDNA haplotypes sampled two or more times plus selected singleton haplotypes. Branch lengths are proportional to divergence, node sizes are proportional to total haplotype frequencies, and colors correspond to regions: blue = East Asia; green = South Asia; purple = Southeast Asia; light blue = Melanesia; yellow = Madagascar; pink = Africa; gray = Middle East; orange = Central America; red = South America. Because of star contraction, some nodes represent multiple haplotypes. Median nodes (inferred haplotypes at branch points) are shown in black. Black boxes enclose selected clades (SAm, Asia a, Asia b) and selected haplotypes are labeled using the nomenclature of supplementary table S2, Supplementary Material online. Note.-n, number of sequences; haps, number of haplotypes; pp, posterior probability; TMRCA, time to most recent common ancestor in thousands of years (ky): cells show the mean and 95% highest probability density interval estimated by Bayesian skyline analysis of the complete P. vivax mtDNA data. Clades Asia a-c are subsets of clade Asia.
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Papua New Guinea and the Solomon Islands, the Melanesian clade includes sequences sampled in Africa, India, and Iran, and the South American clade includes two identical sequences sampled in Thailand.
The 105 mtDNA haplotypes that we identified in the Americas belong to several phylogenetically distinctive groups (supplementary fig. S1d , Supplementary Material online). The largest of these is a paraphyletic collection of lineages that are present in both Central and South America and which belong to the star-like component of the consensus P. vivax tree. We refer to this as the PanAmerican group as a way to emphasize the American lineages. However, this group also contains three of the four haplotypes that were found both within and outside of the Americas, including the two most common haplotypes, CA1 and Sal2, as well as the haplotype of the reference strain, Sal1. These three haplotypes are closely related, differing at only two sites, but have different distributions. While CA1 is represented by just one isolate from Central America and 53 isolates from India, Pakistan, Madagascar, and Sub-Saharan Africa, and Sal1 is represented by just two isolates from Central America and 12 from Myanmar, all but two of the 46 copies of Sal2 included in our sample were obtained from South and Central America, the two exceptions being from Papua New Guinea and Bangladesh.
The second largest group is a divergent South American clade which includes 41 mitochondrial genomes sampled in Brazil and Venezuela. This clade contains two-thirds (10/15) of our Venezuelan sequences, as well as 31 sequences from Brazil (supplementary table S4, Supplementary Material online) with the majority sampled from the northeastern localities of Belém and Macapá. Unexpectedly, this clade also contains two genomes that were reportedly sampled in Thailand . Assuming that the provenance of these sequences is correct, this could indicate that this clade was either introduced into South America from Southeast Asia or that it was introduced into Thailand from South America. Although we cannot conclusively exclude either hypothesis, we believe that the evidence more strongly favors the latter explanation. Indeed, the two Thai genomes are identical both to one another and to 12 additional genomes sampled in Venezuela and at several locations within Brazil. Furthermore, although this clade contains 27 haplotypes that were only sampled in South America, we did not find any additional haplotypes from outside the Americas that were closely related to the Thai sequences. Indeed, in both consensus trees ( fig. 1 and supplementary fig. S1a , Supplementary Material online), the root of this clade is connected by a single long branch to the root of the entire P. vivax sample.
In addition to the Pan-American and the large structured South American groups, our sample contains two small groups from South America that are unusually divergent from the other haplotypes isolated in the Americas (supplementary fig. S1d, Supplementary Material online). One group consists of a pair of identical sequences (Brz_Cu23, Col15) that were sampled in the localities of Cuiabá in Brazil and Buenaventura in Colombia, which have eight fixed nucleotide differences relative to the other genomes in the global sample. These differences are found at sites located throughout the mitochondrial genome, in both protein and rRNA-coding regions, and, insofar as we can tell, cannot be attributed to either sequencing error or anomalous mutational processes. This lineage appears as a long branch in the Bayesian skyline analyses ( fig. 1 and supplementary fig. S1c , Supplementary Material online) and is even positioned as an outgroup to all other P. vivax genomes in the maximum clade credibility tree derived from the Bayesian skyline analyses. On the other hand, this branch is much shorter in the trees obtained from the *BEAST analyses (supplementary fig. S1a and b, Supplementary Material online), although this could be due, in part, to the use of a relaxed molecular clock in these analyses, which will have a tendency to shorten unusually long branches. The other divergent group consists of two genomes (Brz_Bel17 and Brz_Bel18) that were sampled in the city of Belém in northeastern Brazil. These differ from one another at one nucleotide position, but also share four fixed nucleotide differences relative to all other sequences in our sample. Neither group appears to be closely related to any of the other clades present in the skyline and *BEAST consensus trees, and both groups branch directly off of the root of each tree.
We also inferred a median joining network for the haplotypes sampled in Central and South America (supplementary fig. S1d , Supplementary Material online). Like the global network, it consists of a large star-like cluster, with relatively little phylogenetic or geographical structure, as well as a more divergent cluster of haplotypes sampled in Venezuela and Brazil which coincides exactly with the South American clade identified in the phylogenetic analyses. Several haplotypes are linked to this network by relatively long branches, including the two haplotypes Col15 and Brz_Cu23 noted above, as well as two other Brazilian haplotypes, Brz_Bel17 and Brz_Bel18, sampled in the northeastern city of Belém, which differ at exactly one site. Also notable is an unusually divergent haplotype, Ven14, which belongs to the South American clade.
Substitution Rates and Coalescence Times
Two approaches were used to estimate the average genomewide mtDNA substitution rate for P. vivax. In the first, we used the multispecies coalescent model implemented in *BEAST to analyze the 764 genomes from the 11 Plasmodium species included in this study (P. vivax and related species in non-human primates). The calibration was based on a proposed divergence time of 6-14.2 Ma between the clade comprised of Plasmodium gonderi and Plasmodium sp. from mandrills (Africa) and the clade containing the remaining nine Plasmodium species found in Southeast Asia nonhuman primates that together with P. vivax form a monophyletic group (Pacheco et al. 2012 ). This event has been used as calibration point in other studies (e.g., . The mean of the posterior distribution of the substitution rate, averaged over the entire tree, was 0.00383 substitutions per site per million years with a 95% highest probability density MBE interval (HPD) of 0.00189-0.00600. Although a relaxed molecular clock was used in this analysis, the fact that this model fits an independent substitution rate to each branch in the tree makes it impossible to extract a credibility interval for the substitution rate averaged only over lineages of P. vivax. Thus, we also used a simple birth-death model implemented in BEAST to analyze a smaller data set containing just one mitochondrial genome from each of the 11 Plasmodium species included in the previous analysis. With this approach, we found that the posterior mean of the substitution rate averaged over the entire tree was 0.00404 substitutions per site per million years (95% HPD: 0.00211-0.00601), while the posterior mean of the substitution rate for the single P. vivax lineage included in the alignment was 0.00378 (95% HPD: 0.00089-0.00729). Notice that the credibility interval for the lineage-specific substitution rate obtained in this second analysis is large because the estimate is based on a single branch. To account for these different results, we used a gamma distribution with shape parameter 10 and scale parameter 0.0004 as the prior distribution for the genome-wide average substitution in all subsequent phylogenetic analyses of alignments containing only P. vivax genomes. Since the mean of this distribution is 0.004 and the 95% HPD is 0.00192-0.00683, we believe that this is a good approximation to the posterior distribution of the substitution rates estimated in the *BEAST and the birth-death analyses. We also note that these rates are similar to the mitochondrial substitution rates estimated in previous studies of P. vivax The time to the most recent common ancestor (TMRCA) of the global P. vivax sample was estimated using four approaches. The *BEAST analysis of the multispecies data set produced the smallest estimate of the posterior mean of the TMRCA, which was 230 thousand of years ago (95% HPD: 78-446 ka), while the largest estimate was obtained from the skyline analyses and was 283 ka (95% HPD: 81-542 ka). Intermediate values were obtained from the two phylogeographical analyses (see below), these being 235 ka (95% HPD: 85-431 ka) for the 9 region subdivision and 259 ka (95% HPD: 97-480 ka) for the 18 region subdivision. As the models implemented in these analyses make different assumptions about the demography of P. vivax, it is unsurprising that they yield somewhat different estimates of the TMRCA. Nonetheless, the extensive overlap between the credibility intervals obtained from these different approaches suggests that the true value of the TMRCA of our P. vivax sample lies between 80 and 540 ka.
Skyline analyses calibrated by the gamma-distributed substitution rates (see above) were used to estimate the TMRCAs of both the regional samples of P. vivax listed in table 1 and the major P. vivax clades described in table 2. With the exception of the large Asian clade, the mean ages of all of the major clades lie between 66 and 98 ka. The large Asian clade is somewhat older, with a mean age of 121 ka, but this value is still much smaller than the ages estimated for the common ancestor of the global P. vivax sample. It is also worth noting that the TMRCA for the divergent South American clade from Brazil and Venezuela is 76 ka (95% HPD: 29-135 ka). In contrast, the TMRCAs of the regional samples of P. vivax sequences have a much greater spread (table 3) . At one end, the mean age of the common ancestor of the 10 Central American sequences included in this study is only 23 ka (95% HPD: 3.7-64 ka), which is unsurprising given the limited amount of genetic variation found in this small sample. At the other extreme, the common ancestors of the samples of South Asian (India, Pakistan, Sri Lanka, and Bangladesh) and South American (Colombia, Venezuela, Brazil, and Peru) P. vivax sequences appear to be much older, with mean TMRCAs of 280 ka (95% HPD: 71-532 ka) and 309 ka (95% HPD: 72-605 ka), respectively.
Demographic History
Several lines of evidence are consistent with growth or expansion of P. vivax populations in most regions. Tajima's D is significantly negative in all regions except Central America and East Asia, while Fu's F S is significantly negative everywhere except in Central America (table 1) . Although these two statistics were originally introduced as tests of neutrality, significant negative values, such as those seen here, can also indicate population expansion or recent bottlenecks (Simonsen et al. 1995) . Fewer significant results were obtained when the samples from individual countries were analyzed, perhaps in part because of the smaller sample sizes, but as with the regional analyses, the estimates of the two statistics were negative in most countries (supplementary table S1, Supplementary Material online). One notable exception is that Tajima's D is actually positive in Korea, albeit not significantly different from zero, while the value estimated for China is negative, but also not significant, which are both consistent with the nonsignificant result obtained for East Asia as a whole. More direct evidence of population growth is provided by the Bayesian skyline analyses of the global and regional P. vivax samples. Figure 3 shows the skyline plot obtained from the analysis of the entire P. vivax sample, which suggests that the global population size of the parasite grew slowly until about 60,000 years ago, after which it underwent a rapid exponential increase in size that began to taper off about 10,000 years before present.
Since regional differences in population dynamics would be obscured in the analysis of the global sample, we also carried out skyline analyses of each of the regional samples. The skyline plots for these analyses are shown in supplementary figure S2, Supplementary Material online, with the estimates of the relative ancestral population sizes at 0, 5, 10, 20 and 50 ka reported in table 3. Although the ancestral population size of P. vivax increased in every region except Central America, both the timing and the magnitude of the increases differ between the regions. For example, while the ancestral population dynamics of P. vivax in South Asia, Southeast Asia and South America resemble the S-shaped pattern exhibited by the global population, with diminishing growth rates over the past 20,000-50,000 years, the skyline plots for Melanesia, Madagascar, Africa, and the Middle East suggest that P. vivax populations have been slowly but steadily expanding in each of these four regions. In contrast, the East Asian population appears to have been stable until about 10,000 years ago, at which point it began to increase rapidly without tapering off in the present. Only in Central America does the skyline analysis point to a small decline in the ancestral population size of the parasite, which is consistent with the results of the permutation tests reported in table 1. This could be an artifact of the small sample size of Central American P. vivax sequences available for this study, but an alternative explanation is that our sample consists of lineages that have only recently entered Central America from other regions with larger ancestral population sizes.
Phylogeography and Population Structure
Consistent with previous studies (Mu et To obtain a more detailed picture of population structure within the Americas, we also carried out tests of differentiation using our P. vivax samples from Central America, Colombia, Venezuela, northeast Brazil, Amazonian Brazil, Note.-cp, number of change points in the piecewise linear skyline analysis; TMRCA, time to most recent common ancestor in thousands of years: cells show the mean and 95% highest probability density interval estimated by Bayesian skyline analysis of the global or regional data. The mean relative population sizes were estimated from the skyline analysis of each data set at the four times indicated and are expressed in units of populations size Â generation time.
FIG. 3.
Bayesian skyline plot of the entire P. vivax sample. The analysis was conducted assuming piecewise linear growth spread over eight epochs and using a gamma prior on the substitution rates (mean 0.004 substitutions per site per Ma; shape parameter = 10). The dark line depicts the median ancestral population size, while the colored blue region shows the 95% HPD for these estimates. Time is shown in units of million years ago (Ma) on the x axis, while the y axis shows the product of the ancestral effective population size N e and the parasite generation time (also in Ma). Material online. In the regional analysis, evidence of gene flow is found between ten pairs of regions, five of which include Southeast Asia and four of which include Southern Asia. In contrast, South America and East Asia appear to be much more isolated, with each of these being linked by gene flow only to Southeast Asia, while the Middle East is linked only to Melanesia. The isolation of South America is also suggested by the fact that the relative migration rate estimated between this region and Southeast Asia is the lowest (0.322) of the rates with Bayes factors >3. These relative rates can be converted to absolute rates by multiplying by the average pairwise migration rate which is also estimated by the Bayesian phylogeographical analysis. For this analysis, the mean of the posterior distribution of this parameter is 3.37 migrations per lineage per million years (95% HPD: 1.12-6.09), which is much less than the mean of the genome-wide mitochondrial substitution rate, which is 23.58 mutations per lineage per million years (95% HPD: 12.31-35.08). This is consistent with our observation that most mitochondrial haplotypes were only sampled in a single region.
Repeating this analysis with the subdivision into 18 populations provides a more detailed picture of gene flow in P. vivax. In this case, gene flow is inferred between 22 pairs of populations, the majority of which belong to the same geographical region (supplementary table S10, Supplementary Material online). In particular, of the ten pairs of populations with Bayes factors >100, only two, namely Pakistan and Madagascar, and India and Thailand, are geographically distant from one another. Furthermore, Thailand appears to be a hub in the network defined by these gene flow estimates, being linked to seven other populations: Brazil, Indonesia, Cambodia, Vietnam, China, India, and Melanesia. In contrast, Colombia, Venezuela, Cambodia, Myanmar, Korea, and Madagascar are each linked to only one other population, although some of the pairwise relative migration rates are large. For example, the largest relative migration rate estimated in this analysis is between Colombia and Peru, which exchange migrants at a rate more than three times the average for all population pairs. On the other hand, the relative migration rate estimated between Myanmar and China is the lowest amongst those migration rates with Bayes factors >3 (here BF = 133) and is only 0.325 times as large as the overall migration rate. The posterior mean of the overall pairwise 
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Evolutionary History of Plasmodium vivax . doi:10.1093/molbev/mst104 MBE migration rate estimated for this model is 8.87 migrations per lineage per million years (95% HPD: 3.31-15.01), which, as expected, is larger than the rate estimated using the coarser regional subdivision. Lastly, the posterior distributions of the location of the most recent common ancestor (MRCA) of P. vivax for each analysis are shown in supplementary table S11, Supplementary Material online. When the analysis is conducted using the nine-region subdivision, the most likely location of the MRCA is in Southeast Asia (pp = 0.701), followed by South America (pp = 0.206) and then East Asia (pp = 0.051). In contrast, if the range is subdivided into 18 populations, the posterior distribution is more diffuse, with the greatest probability mass being assigned to Thailand (pp = 0.218), followed by Melanesia (pp = 0.184), Brazil (pp = 0.126), and China (pp = 0.077). 2010) . In contrast, studies on nuclear genes encoding antigens have shown low local diversity (Grynberg et al. 2008; Chenet et al. 2012b ) but strong geographic structure (Chenet et al. 2012b ). Meanwhile, despite having small sample sizes, two recent studies of the nuclear genome of P. vivax have found that genomes sampled within the Americas are nearly as divergent from one another as they are from genomes sampled on other continents (Chan et al. 2012; Neafsey et al. 2012) . Such discrepancies have also been noted in studies of global P. vivax diversity (De Brito and Ferreira 2011) and are likely caused by differences both in sampling and in the biological features of the markers themselves, such as mutation rate and selection.
Discussion
Here, by analyzing a greatly expanded sample of mitochondrial genomes from multiple continents, we show that South American populations of P. vivax harbor much greater mitochondrial diversity than previously reported. Not only is the number of haplotypes identified in this study more than an order of magnitude greater than in earlier surveys, but the nucleotide diversity of our sample is also substantially higher (table 1). Of particular interest is the observation of a divergent South American clade that includes 41 mitochondrial genomes sampled primarily in northeastern Brazil and Venezuela. This clade may have originated 76 ka (29-135 ka, table 2) and its current geographic distribution probably explains why we found no evidence of genetic differentiation between northeastern Brazil and Venezuela. It is also responsible for the significant F st values between each of these two localities and the other populations sampled in the Americas. Further sampling will be required to better define the distribution and characteristics of this clade, which appears to be most abundant along the Atlantic coast of South America.
On a global scale, our sample of P. vivax mitochondrial lineages can be divided into two divergent groups with very different geographical distributions ( fig. 1 and supplementary  fig. S1 , Supplementary Material online). Approximately 20% of the mtDNA haplotypes belong to a moderately strongly supported clade (pp = 0.91) with a primarily east and southeast Asian distribution. This clade is estimated to be about half as old (121 ka ) as the entire P. vivax sample and exhibits pronounced phylogenetic and geographical substructure, including two large subclades that mainly contain sequences either from the Anhui and Guizhou provinces of central China (Asia a) or from southern China, Korea, and Indonesia (Asia b). Furthermore, although a few haplotypes belonging to this clade were sampled in Africa, India, and Papua New Guinea, we did not identify any such haplotypes in the Americas despite extensive sampling. Similar results were reported by Miao et al. (2012) . It is worth noting that it is currently unclear whether this structure is mirrored in the nuclear genome. Although both of the neighbor joining trees inferred from genome-wide single-nucleotide polymorphism (SNP) data by Neafsey et al. (2012) and Chan et al. (2012) are star-shaped, this could either be an artifact of applying phylogenetic methods to recombining DNA sequences (Schierup and Hein 2000) or it could indicate that the small number of genomes do not include any strains belonging to this Asian clade.
Our estimates of the TMRCA of the global P. vivax mtDNA sample (283 ka , tables 2) are similar to those previously reported, which encompass the range 50-450 ka (Jongwutiwes et al. 2005; Mu et al. 2005; Cornejo and Escalante 2006; Miao et al. 2012 ). This suggests that our enlarged sample does not contain any new exceptionally divergent mitochondrial haplotypes, except possibly for the pair Col15/Brz_Cu23. In fact, when these two sequences are omitted from the global P. vivax sample, a repeat of the Bayesian skyline analysis yields a somewhat smaller estimate of the TMRCA (213 ka ), which is consistent with the tendency for this lineage to occur as an outgroup to the remaining sequences in some of the phylogenetic analyses (e.g., supplementary fig. S1c, Supplementary Material online). While few comparable estimates have been made for nuclear loci, those currently available are of a similar age. For example, using an average nuclear substitution rate of 2.2 Â 10 À9 substitutions per site per year at 4-fold degenerate sites, Neafsey et al. (2012) estimated the average coalescence time of six complete nuclear genomes included in their study to be 370 ka (the estimate reported in the original paper was incorrectly stated to be 768 ka; Neafsey D, personal communication) . Likewise, using a substitution rate of 3.6-9.6 Â 10 À9 substitutions per site per year, Gupta et al. (2012) estimated the TMRCA of a sample of 126 P. vivax isolates from India to be between 83 and 222 ka in a set of 12 noncoding regions spanning 5.6 kb on chromosome 13. Collectively, these results suggest that the parasites ancestral to the extant P. vivax populations existed between 50 and 550 ka before present. 
MBE
Bayesian skyline analysis of our sample of mitochondrial genomes suggests that the growth of the global P. vivax population began to accelerate approximately 60 ka ( fig. 3) , a timeframe that is consistent with the demographic history of human populations (Gravel et al. 2011) . Specifically, the divergence of African and Eurasian populations is estimated to have occurred 51 ky before present (95% HPD: 45-69 ka). Since most extant populations of P. vivax are found in contemporary or derived Eurasian populations, which are believed to have expanded more rapidly than African populations following their split (Gravel et al. 2011) , it is plausible that such events had an effect on the demographic history of P. vivax (Jongwutiwes et al. 2005; Mu et al. 2005; Cornejo and Escalante 2006; Miao et al. 2012) . The demographic histories of the regional samples of P. vivax are more complex. On the one hand, skyline analyses of several of the regional samples, including those from South Asia, Southeast Asia. and, surprisingly, South America, also point to rapid population growth in each of the corresponding ancestral populations beginning about 60-70 ka. Of course, these ancestral populations need not have existed in the regions where the extant populations are; thus, the similarity of their skyline plots may indicate that the parasite populations found in these three regions derive in large part from the same ancestral population existing tens of thousands of years ago. In contrast, the skyline plot for the East Asian samples reveals a population expansion that only began approximately 10 ka, around the time when rice and millet are both believed to have been domesticated in China (Lu et al. 2009; Molina et al. 2011) . Since most of the East Asian haplotypes belong to a divergent clade that is distinct from all other P. vivax lineages for at least 121 ka (46-246), it is not surprising that the demographic history of this region is unlike that inferred elsewhere in Asia.
We were also able to use the Bayesian biogeographical method developed by Lemey et al. (2009) to investigate the geographical location of this ancestor. Depending on whether the range of the parasite is subdivided into regions or countries, this approach identifies either Southeast Asia (pp = 0.70) or Thailand (pp = 0.22), respectively, as the most likely location. Thus, the two analyses are broadly consistent. Furthermore, an ancestral presence of P. vivax or its immediate predecessor in Southeast Asia is consistent with the hypothesis that P. vivax is derived, by way of a host switch, from a lineage of Plasmodium infecting Southeast Asian macaques (Escalante et al. 2005; Cornejo and Escalante 2006) . On the other hand, examination of the full posterior distributions of the two analyses paints a less coherent picture. In particular, while the regional analysis identifies South America (pp = 0.21) and East Asia (pp = 0.05) as the second and third most likely locations of the MRCA, the next two most likely locations in the country-level analysis are Papua New Guinea (pp = 0.18) and Brazil (pp = 0.13). Since Melanesia has a negligible posterior probability in the regional analysis (pp = 0.0002), this shows that the inferred location of the MRCA depends in part on how we choose to subdivide the range of the parasite.
The origins of the malaria parasites found in the Americas have been the focus of renewed interest (de Castro and Singer 2005; Gerszten et al. 2012; Yalcindag et al. 2012 ). However, while Plasmodium falciparum is believed to have been introduced to the Americas, at least in part, through the transAtlantic slave trade (Yalcindag et al. 2012) , an African origin for the American populations of P. vivax is all but ruled out by the rarity of P. vivax in Sub-Saharan Africa, where the Duffy antigen null allele protects much of the population from this infection. Indeed, our investigation confirms that the relatively few P. vivax samples that were obtained from Africa are very closely related to parasites found in India and Pakistan, but share no recent common ancestry with the American haplotypes included in our sample (Krief et al. 2010; Culleton et al. 2011) . Unfortunately, the lack of phylogenetic structure in the star-shaped component of the mitochondrial tree makes it difficult to identify a specific region that might be a source population for the American haplotypes. Similarly, although the Bayesian phylogeographical analysis provides strong support for migration between South America and Southeast Asia (table 5), the estimated migration rate between these two regions is lower than all of the other migration rates with Bayes factors >3. Furthermore, the support for this pairwise migration rate may largely be provided by the two Thai haplotypes which we believe were recently introduced to Thailand from South America. Indeed, this is reflected in the country-level phylogeographical analysis, where the only pairwise migration rate between a South American country and a region outside of the Americas with Bayes factor >3 is between Brazil and Thailand (supplementary table S10, Supplementary Material online). This analysis also finds support for migration between Central America and both India and Myanmar, but this is likely to be due to recent immigration of the common haplotypes CA1 and Sal1 into Central America. Thus, neither the phylogenetic nor the phylogeographical analyses point clearly to the origin of the American haplotypes.
In view of the lack of clear relationships between the American populations of P. vivax and those found outside of the New World, we believe that our data, which shows that the American populations harbor numerous private haplotypes, some of which may have diversified in situ, is best explained by two alternative but not mutually exclusive models for the introduction of P. vivax into the Americas. One model postulates a pre-Colombian introduction with humans, between 15 and 30 ka (Goebel et al. 2008) , carrying a group of parasites originating in Beringia. Indeed, the capacity of some strains of P. vivax to cause chronic infections through the formation of long-lived dormant hypnozoites (a liver stage found in P. vivax but not in P. falciparum) might have facilitated such an introduction by allowing the parasite to persist during the period when the colonizing population occupied highly seasonal environments at high latitudes. Both acute and chronic strains of P. vivax are present in South America today, but it is unknown how evolutionarily labile these traits are and whether the common life history traits seen in different parts of the world have a common genetic basis. One argument against this model is that if it were true, then we might expect American populations of P. vivax to share a common ancestry with the dominant haplotypes found in East Asia, which they clearly do not. For example, Amerindian genotypes of the bacterium Helicobacter pylori are more closely related to East Asian genotypes than to those found elsewhere in the world, which has been interpreted as evidence for a pre-Colombian introduction of this pathogen (Falush et al. 2001 ). On the other hand, our observation that the East Asian population of P. vivax underwent a rapid expansion around 10 ka makes it plausible that other genotypes were prevalent in this region during the period when the New World was first colonized.
The second model consistent with our data is based on post-European-contact introductions possibly involving multiple source P. vivax populations, including the now extinct European P. vivax population. Provided that the populations of P. vivax once found in Europe were both sufficiently diverse and sufficiently differentiated from the populations surviving in Asia and Melanesia, this model could explain the presence of numerous private haplotypes in the New World, especially if there were repeated introductions from multiple countries in Europe. A similar scenario is proposed by Culleton et al. (2011) , who also suggest that both the European and Asian populations of P. vivax were derived from an ancient African population of parasites driven to extinction by the spread of Duffy negativity in the human host. They favor a European origin for P. vivax populations in the New World on the grounds that it would explain why a predominantly South American haplotype (what we call Sal2 and they call h2) occupies such a central position in the median joining network and has such a high outgroup probability. Notably, despite having a much larger sample size, the results of our network analyses largely agree with those presented in Culleton et al. (2011) , i.e., our network topology is similar to theirs and we identify the same two haplotypes as having the highest outgroup probabilities. On the other hand, we believe that this inference must be greeted with some caution, as the identification of outgroup haplotypes using the method implemented in TCS (which relies on the frequency and the location of the haplotype in the network) is sensitive both to sampling and to modern day population dynamics, which may be of particular concern in a species with the potential to cause epidemics. Likewise, it should be noted that phylogenetic analysis of the multispecies dataset did not clearly identify the root of the mitochondrial tree of P. vivax. Unfortunately, the loss of the putative source populations makes it difficult to rigorously test this model, although the recovery of ancient DNA from a European sample of P. vivax could be used to this end. However, while ancient DNA has been recovered from P. falciparum samples (Taylor et al. 1997; Sallares and Gomzi 2001; Frías et al. 2013) , we are unaware of any similar successes involving P. vivax.
Two scenarios that our data clearly rule out are 1) a single recent (post-European-contact) introduction of P. vivax into the Americas either accompanied or followed by a severe bottleneck (Grynberg et al. 2008) and 2) recurrent immigration of parasites into the Americas from other extant populations of P. vivax. Indeed, in view of the large number of distinct mitochondrial haplotypes that were sampled only in the Americas, as well as the presence of several divergent lineages, any model assuming introductions on a historical time scale or even during the late Pleistocene (Goebel et al. 2008 ) requires a diverse group of migrants from one or more source populations. For example, even if we conservatively assume that the genome-wide mitochondrial substitution rate (2.3 Â 10 À4 mutations per genome per year) is 10-fold higher than that estimated in the *BEAST analyses, the probability of identity by descent between two sequences will be 0.79 if their most recent common ancestor existed 500 years ago and 0.96 if that ancestor existed 100 years ago. This, along with the various phylogenetic and population genetic analyses described above, shows that the high levels of variation documented in South America are not consistent with either high rates of gene flow or a single recent founder event.
Regional geographical structure may explain why we have identified much higher levels of mitochondrial diversity in American P. vivax populations than have previous surveys. Not only were earlier studies based on smaller sample sizes, but perhaps more importantly, they were also limited to parasites sampled from fewer areas within South America. Here we have made a deliberate, if still insufficient, attempt to assemble a data set that covers a larger number of regions and better reflects the variation of P. vivax across the Americas. We believe that this is important because multiple studies, including this one, suggest that local P. vivax populations within countries are strongly structured (Imwong et al. 2007; Orjuela-Sánchez et al. 2010; Van den Eede et al. 2010; Chenet et al. 2012a ). Thus, locally, there can be low levels of genetic variation even though regional genetic diversity is high. Such patterns have also been reported for genes encoding antigens (Chenet et al. 2012b) . This model offers interesting perspectives in the context of malaria elimination. If such smaller geographic areas can be defined, these can be targeted by programs as "malaria elimination units" with limited risk of reintroduction. Also, low gene flow between areas should facilitate containment in the event of the emergence of drug resistance. If this hypothesis is correct, the implications are that malaria could be eliminated effectively in the Americas in many areas and contained in others. It will be a matter of defining the spatial connectivity and the factors leading to the observed gene flow at a time scale usable for elimination. For this purpose, microsatellites, with their much higher rates of evolution, may be more suitable markers at a local scale (Imwong et al. 2007; Van den Eede et al. 2010; Chenet et al. 2012a) .
Despite the limitations of the mitochondrial genome, this study unveils patterns in the Americas that need to be considered in population genomics investigations. Although population genomics can uncover complex demographic processes, it is not immune to sampling bias. Thus, demographic studies based on mitochondrial genomes or nuclear SNPs can be used to design more cost-effective surveys of P. vivax genome-wide variation (Carlton et al. 2013) . In particular, as the present study has documented high levels of mitochondrial variation in the Americas and the presence of multiple divergent lineages, we believe that population genomic studies of global P. vivax diversity should include multiple isolates sampled from across this continent. Particular efforts should be made in sampling localities from northeastern Brazil and Venezuela since some of the isolates from this region are distinct, at least at the mitochondrial level. Such sampling should also consider that inbreeding can generate clonal expansions in the Americas that are stable in time and space (Chenet et al. 2012a; Echeverry et al. 2013) ; thus, temporal and spatial scales should be considered in population genomic study designs. Such data will help to resolve the still unclear picture of the origins of P. vivax in the Americas and will lead to a better understanding of the historical processes by which this parasite has colonized so much of the planet.
Material and Methods

Samples
As part of local surveillance, whole blood samples were collected in ethylenediaminetetraacetic acid from multiple countries in Latin America (Colombia, Peru, Venezuela, and Brazil) C for 7 min, and a final extension at 72 C for 10 min. To detect mixed infections, samples were both cloned and sequenced directly. In all cases, at least two independent 5,800 bp PCR products were cloned using the pGEM Õ -T Easy Vector System (Promega, USA), and four clones were sequenced from each individual from the two independent PCR reactions. Both strands of the cloned inserts were sequenced using internal primers with at least 100 bp overlap. Mixed infections yield overlapping peaks in the sequence electropherogram when they are sequenced directly. In order to reduce further the risk of PCR errors, additional PCR amplifications and clones were sequenced until the haplotype was confirmed. All of the confirmed haplotypes were included in this study. The sequences reported in this investigation were deposited in Genbank under the accession numbers KC330370-KC330678.
Plasmodium mtDNA Genomes Data
In addition to the new 309 mtDNA genomes that were sequenced as part of this study, we retrieved all publicly available complete P. vivax mitochondrial genome sequences from GenBank, giving a total of 731 P. vivax mitochondrial genomes (Miao et al. 2012; Culleton et al. 2011) . Two sequences were of unknown origin and were excluded from further analysis. Analyses requiring an outgroup were performed on an expanded data set that also included 33 mitochondrial genomes from the following ten Plasmodium species: P. cynomolgi, P. inui, P. hylobati, P. simiovale, P. fieldi, P. coatneyi, P. knowlesi, P. fragile, P. gonderi, and Plasmodium sp. from mandrills (Coatney et al. 1971; Pacheco et al. 2012 ). This expanded set of sequences was aligned using ClustalX v2.0.12 and then edited by hand. Subsequent gapstripping left 5,712 sites in the alignment containing all 11 Plasmodium species, whereas the P. vivax alignment (731 sequences) comprises 5,837 sites. A list of all the P. vivax sequences used in this study, along with their countries of origin and accession numbers, is provided in supplementary table S2, Supplementary Material online.
Diversity Estimates
Arlequin v3.5 (Excoffier and Lischer 2010) was used to estimate global, regional, and country levels of nucleotide and haplotype (gene) diversity in the P. vivax mtDNA genome and to conduct Tajima's and Fu's neutrality tests. These two tests compare different estimates of the scaled mutation rate Â based on nucleotide and allelic diversity and can be used to detect violations of mutation-drift equilibrium caused by selection or changing population size. Statistical significance was assessed by using 1000 simulations of Kingman's coalescent and the infinite sites model to estimate the P-value of each test statistic. Regional analyses were based on the following assignments: East Asia (Korea, China), South Asia (India, Pakistan, Sri Lanka, and Bangladesh), Southeast Asia (Myanmar, Thailand, Cambodia, Vietnam, Philippines, Indonesia, Borneo, and East Timor), Melanesia (Papua New Guinea, Solomon Islands, and Vanuatu), Madagascar, Africa (Mauritania, Nigeria, São Tomé, Ethiopia, Tanzania, Rwanda, Angola, and Namibia), Middle East (Turkey and Iran), Central America (El Salvador, Honduras, Nicaragua, Panama, and Dominican Republic), and South America (Colombia, Venezuela, Brazil, and Peru). We also used Arlequin to estimate the fixation index (F ST ) and the mean number of nucleotide differences between each pair of regions and these were tested for significance using one-sided permutation tests with 1000 simulations. Because there is limited divergence between P. vivax mtDNA genomes, the genetic distances used to calculate the F ST values were based on simple pairwise differences. Differentiation between regions was also assessed using Hudson's S nn test (Hudson 2000) , which compares the proportion of "nearest neighbors" (i.e., sequences more similar to one another than to any) that belong to the same locality with the proportions observed when sequences are randomly assigned to localities subject to the actual sample sizes. DnaSP v5.10.1 (Librado and Rozas 2009) was used to estimate the S nn test statistics and their significance was assessed by permutation test with 1000 permutations.
Haplotype Networks Network v4.6.1.0 (Fluxus Technologies 2011) was used to infer a median joining network for the complete set of P. vivax mtDNA haplotypes, with transversions weighted twice as much as transitions, with the epsilon parameter set equal to 0, and with up to three rounds of star contraction, which collapses star-like structures in the network into single nodes. However, because the resulting networks were obscured by numerous intersecting edges, we repeated this analysis using a smaller data set containing the 70 haplotypes that were represented by at least two sequences in the global sample as well as an additional 14 singleton haplotypes that appeared unusually divergent in the complete network (India10, Pak_K21, Thai1, Thai39, Indo11, Camb13, Camb14, Turkey9, Turkey10, Turkey13, Ven4, Brz_Bel17, Brz_Bel18, Brz_Ma1; see supplementary table S2, Supplementary Material online, for haplotype definitions.) In this second analysis, the star contraction operation was applied three times, with contraction of star-like structures with radius equal to 1. We also inferred a median joining network for the full set of sequences sampled in the Americas, using the same settings employed in the preceding analysis. Outgroup probabilities for the complete set of haplotypes (including singletons) were calculated using TCS v1.21 (Clement et al. 2000) , which uses an algorithm based on the frequencies and locations of the haplotypes within the network.
Phylogenetic Analyses
We used BEAST v1.7.1 to perform several Bayesian phylogenetic analyses of the Plasmodium mtDNA data (Drummond et al. 2012) . Since the general time reversible model with gamma-distributed substitution rates and a proportion of invariant sites (GTR + À + I) had the highest Akaike information criterion score when the P. vivax mtDNA genomes were run through jModeltest (Posada 2008 ), this substitution model was used in all of the phylogenetic analyses described below. We began by using the multispecies coalescent model implemented in *BEAST (Heled and Drummond 2010) to analyze the complete set of 763 mitochondrial genomes from all 11 of the Plasmodium species included in this study. Speciation was modeled by a birth-death process and the genealogy of each species was assumed to follow the constant population size coalescent. In addition, rate variation between lineages was accommodated by a relaxed molecular clock with independent log normally distributed substitution rates. Phylogeographical considerations suggest that the Plasmodium clades infecting macaques diverged from those infecting other African non-human primate parasites between 6 and 14.2 million years ago (Pacheco et al. 2012) , when Macaca branched from Papio Pacheco et al. 2012 ). This information was used to calibrate the average genome-wide mitochondrial substitution rate by choosing the prior distribution of the TMRCA of the 763 Plasmodium lineages to be uniform on the interval (6, 14.2). Three independent chains were run for 100 million generations apiece and the first 20 million generations of each chain were discarded as burn-in. Convergence of these chains was assessed by examining both the trace files and the effective sample sizes reported by Tracer v1.5.
Because the within-species coalescent implemented in *BEAST assumes that each species has a constant population size, we conducted an additional set of analyses of our P. vivax sample by fitting a Bayesian skyline model with piecewise linear population growth spread over eight epochs to an alignment containing the 731 P. vivax mitochondrial genomes. Although we continued to use the GTR + À + I model, the limited mitochondrial polymorphism within this species led us to adopt a strict molecular clock, with a single mean substitution rate sampled from the gamma-distributed prior chosen as follows. Since we could not directly calibrate the average substitution rate in analyses of alignments containing only P. vivax sequences, we used *BEAST to fit a birthdeath model of cladogenesis to an alignment containing one sequence from each of the 11 Plasmodium species. As in the *BEAST runs, we used a relaxed molecular clock to account for interspecific variation in substitution rates and we required the age of root of this tree to be between 6 and 14.2 Ma. Two independent chains were each run for 100 million steps and the method of moments was used to select a gamma distribution to approximate the posterior distribution of the P. vivax mean substitution rate obtained from these two runs. This gamma distribution was then used as a prior distribution for the mean substitution rate (measured in substitutions per Ma) in our skyline analyses of the P. vivax data.
The skyline analyses were run in two stages. We first ran two independent chains lasting 100 and 200 million generations, respectively, and then used the combined results of these two chains to estimate the posterior distribution of the genealogy of our P. vivax samples. Clades with strong support in this distribution were identified in two ways: first by using TreeAnnotator v1.7.1 to construct the MCC tree and second by using the SumTrees script in the DendroPy v3.9.0 library (Sukumaran and Holder 2010) to construct the majority rules consensus tree from the sampled genealogies. We then ran two additional chains lasting 100 million generations apiece to estimate the ages and posterior probabilities of the major clades identified in the first stage. The first 20 million generations of each run were discarded as burn-in and all four runs were combined to obtain improved estimates of the consensus tree and demography of the global P. vivax population.
To investigate the possibility that different regions may have experienced different demographic histories, we also conducted skyline analyses on alignments of P. vivax sequences sampled in the same geographical region. We followed the same procedure as in the analysis of the global data, with two exceptions. First, although we continued to use the piecewise linear skyline model, we reduced the number of skyline groups (i.e., change points) so that, where possible, there were approximately 20 coalescence events per group. Where the regional sample size was too small to adhere to this rule, we simply ran the analysis with two skyline groups, which is the minimum number allowed. The second modification was that we used the posterior distributions of the substitution rate parameters obtained from the global analyses to parametrize the corresponding prior distributions used in the region-specific analyses. This approach enabled us to continue using the parameter-rich GTR + À + I model of the substitution process despite having much smaller numbers of P. vivax sequences in some of the regional alignments.
